New drugs are needed for treatment of Toxoplasma gondii infections. We tested derivatives of principles found in Isatis indigotica for in vitro efficacy against T. gondii infection. Indirubin-3-oxime analogs showed modest micromolar activity, while tryptanthrin derivatives displayed 50% inhibitory doses in the low nanomolar range.
New drugs are needed for treatment of Toxoplasma gondii infections. We tested derivatives of principles found in Isatis indigotica for in vitro efficacy against T. gondii infection. Indirubin-3-oxime analogs showed modest micromolar activity, while tryptanthrin derivatives displayed 50% inhibitory doses in the low nanomolar range.
Tryptanthrins have potential as anti-Toxoplasma infection therapeutics.
Toxoplasma gondii is an apicomplexan parasite with worldwide distribution. T. gondii infections in humans range from overwhelming infection in neonates and immunocompromised individuals to inapparent infections in immunocompetent hosts. Current medications for the prevention and treatment of Toxoplasma infection are hampered by toxicity and limited efficacy.
Our approach to address this drug deficit was to examine natural and synthetic derivatives of principles found in the Chinese medicinal herb Isatis indigotica for the ability to disrupt the in vitro growth of T. gondii. Our primary focus centered around analogs of the components indirubin 1a (Table 1) and tryptanthrin 2a (Table 2) (7). Derivatives of these compounds have been shown to possess activity against several protozoan pathogens. Specifically, both classes of compounds have been shown to inhibit some strains of Leishmania spp. (3, 4; E. Xingi, V. Myrianthopoulos, D. Smirlis, S. Bisti, P. Magiatis, E. Mikros, L. Skaltsounis, and K. Soteriadou, presented at the 3rd COST B22 Annual Congress, Drug Discovery and Development for Parasitic Diseases, Athens, Greece, 2006). In addition, tryptanthrin derivatives have been reported to inhibit Trypanosoma brucei (11) and another apicomplexan parasite, Plasmodium falciparum (2). To our knowledge, there are no reports of the activities of these compounds as inhibitors of T. gondii. Therefore, we examined the ability of derivatives of indirubin and tryptanthrin to inhibit the growth of T. gondii in cell culture.
Indirubin-5-sulfonic acid 1c was obtained from Alexis Biochemicals, San Diego, CA. Indirubin-3Ј-oxime-5-sulfonic acid 4c and indirubin derivative E804 6 (9) were purchased from Calbiochem, Darmstadt, Germany. Trimethoprim and indirubin-3Ј-oxime 4a were obtained from Sigma Chemical Co. (St. Louis, MO). All other indirubin and tryptanthrin derivatives were synthesized by standard methods (1, 12) . The analogs of indirubin 1a were prepared by condensation of 3-acetoxy indole with the appropriate isatin derivatives in the presence of sodium carbonate. Treatment of 1a with hydroxylamine hydrochloride in pyridine gave the 3Ј-oxime analogs 4 (4a to 4k). The 1-N-acetyl derivative 3 and 3Ј-acetoxy-oxime compounds 5 (5a and 5k) were prepared by treatment of compound 1a or 4a with acetic anhydride. The analogs of tryptanthrin 2a were synthesized from isatoic anhydride and the corresponding isatin derivatives in refluxing toluene with triethylamine as cosolvent.
Compounds were tested for in vitro efficacy against T. gondii tachyzoites, using methods which have been described in detail in previous publications (5) . Briefly, test and control drugs (320 to 0.32 g/ml) were added to normal human fibroblasts (ATCC, Manassas, VA) plated in 96-well plates. Directly following this, 50 tachyzoites of a ␤-galactosidase (␤-Gal)-producing strain of T. gondii, RH (ATCC 50839), was added to 6/8 wells in each column. After 4 days at 37°C in 5% CO 2 , the ␤-Gal substrate chlorophenol red-␤-D-galactopyranoside was added to these same wells for 1 additional day. Cytotoxicity was measured in the remaining 2/8 wells using a commercially available cell viability reagent (One Solution; Promega). Color reactions in all wells were read in a Vmax Microplate reader (Molecular Devices, CA). The 50% inhibitory dose (ID 50 ) and the 50% toxic dose (TD 50 ) were calculated by applying the Reed and Muench formula (10) using a minimum of 12 determinations for the ID 50 and 6 determinations for the TD 50 . The therapeutic index (TI) was calculated by the equation TI ϭ TD 50 /ID 50 . Stock solutions of compounds were prepared in 50% or 100% dimethyl sulfoxide.
For each compound, the cLogP value was calculated using ChemDraw version 11.0 software (Cambridgesoft, Cambridge, MA).
In our assay, indirubin 1a and six of its derivatives (analogs 1b to 1e and 1i to 1j) were inactive against T. gondii (Table 1) . Only the 5-halogen-substituted analogs 1f to 1h displayed some potency (ID 50 of Ͼ20 M) but less than that of the control drug trimethoprim. The introduction of 1-N-acetyl group (compound 3) yielded increased efficacy (ID 50 ϭ 30 M) compared to that of the parent compound 1a. In the 3Ј-oxime series of compounds 4, the 6-chloro 4i, the 5-fluoro 4e, and the 6-bromo 4k substituted analogs proved to be the most effective inhibitors (ID 50 ϭ 0.18 to 0.52 M) but also showed substantial cytotoxicity. Of note, halogen substituents larger than fluorine in the 5 position demonstrated both lower efficacy and selectivity. Thus, the 5-iodo 4h (ID 50 ϭ 9.7 M) was determined to be the least potent and least selective (TI ϭ 5) of the 5-halogen-substituted 3Ј-oxime derivatives. The di-substituted 5-bromo-6-chloro derivative 4j was the most selective indirubin-3Ј-oxime (TI, Ͼ210). The 3Ј-acetoxy-oxime derivative 5a was more than 17-fold more potent than the corresponding 3Ј-oxime 4a, though the cytotoxicity was somewhat increased by this structural modification. The ether derivative 6 was 64-fold less potent than 4a.
Tryptanthrin 2a and five of its derivatives, 2b to 2f, displayed the highest TI of all the compounds tested ( Table 2 and Fig. 1 ). The 8-halogen derivatives 2c to 2f had the lowest ID 50 values, with a range of 1 to 11 nM, and, with the exception of the 8-fluoro 2c, exhibited less cytotoxicity than parent compound 2a. The 8-iodo 2f was 30-fold more potent than the parent compound 2a. Interestingly the 9-halogen derivatives 2g and 2h, as well as the 8,9-di-halogen compound 2i, showed Ͼ150-fold less activity against T. gondii than the 8-halogen derivatives. The cLogP values of the compounds are shown in Table  1 and 2. All of the compounds meet the standard of being "drug-like," according to criteria proposed by Lipinski et al. (8) .
Indirubin compounds have been shown to inhibit Leishmania mexicana by the inhibition of CRK3 cyclin-dependent kinase (4). However, the effect of these compounds on the replication of T. gondii has not been previously described. Recently, a number of cell cycle-regulated kinases have been identified in T. gondii which are distinct from those found in mammalian cells (6) . Additional studies should be directed at further delineation of these kinases as targets of the indirubin derivatives.
The mechanisms of action of the tryptanthrin group of compounds have not been fully elucidated. Our data indicate that structure-activity relationships of this class of T. gondii inhibitors are well in line with observations previously reported. Bhattacharjee et al. (2) found that halogenated forms of tryptanthrin are more potent inhibitors of Plasmo- dium malaria than the parent compound. We also found that halogenated forms of tryptanthrin are potent inhibitors of T. gondii, with the highest degree of inhibitory activity being measured in the 8-iodine derivative. In addition, derivatives 2c to 2e reportedly inhibit T. brucei but at more than 1,000-fold the ID 50 value for T. gondii (11) . It is also of note that the halogenated forms of tryptanthrin showed less cytotoxicity in human cells than the parent compound. The halogenation of these compounds, thus, both increases anti-T. gondii activity and decreases cytotoxic effects on human cells, with a resulting substantial increase in the therapeutic index. In summary, the tryptanthrin derivatives presented in this paper represent a new class of compounds with substantial activity against in vitro growth of T. gondii. As these studies were performed using in vitro system assays and nonaqueous 
